This study proposes a new approach to monitoring the damage process in holed CFRP laminates using an embedded chirped fiber Bragg grating (FBG) sensor. To this end, we experimentally and numerically investigated the damage process and the damage-induced changes in the spectrum shape. It was experimentally confirmed that multiple types of damage (e.g., splits, transverse cracks and delamination) appeared near a hole, and that the spectrum shape of the embedded chirped FBG sensor changed as the damage extended. Our proposed simulation for the reflection spectrum considering the damage agreed with the experiments. Furthermore, this study investigated the effect of each damage pattern on the changes in the spectrum shape. Finally, based on these discussions, we present simple damage identifications with the embedded chirped FBG for the holed CFRP laminates under completely unloaded conditions.
Introduction
Composite materials are frequently applied to primary load-bearing structures in newly developed airplanes. The structures can include stress-concentrated regions such as pin-loaded holes. These stress concentrations easily induce damage that concurrently includes splits, transverse cracks and delamination (Chang and Chang, 1987; Kortschot and Beaumont, 1990; Kamiya and Sekine, 1996) . Accordingly, it is essential to monitor the damage near stress concentrations in order to ensure the structural integrity.
Structural health monitoring techniques have recently been developed for these composite structures (e.g., Zhou and Sim, 2002; Chang, 2003) . Fiber Bragg grating (FBG) sensors have attracted much attention for 0020-7683/$ -see front matter Ó 2006 Elsevier Ltd. All rights reserved. doi: 10.1016/j.ijsolstr.2006.05.004 health monitoring applications due to their great advantages, such as high accuracy in measuring strain and/or temperature and multiplexing capability (Hill and Meltz, 1997; Kersey et al., 1997) . Indeed, monitoring strain by measuring the wavelength shift of the light reflected from the FBG sensor has often been applied in conventional health monitoring Merzbacher et al., 1996) . FBG sensors are also sensitive to the longitudinal strain distributions along the gage sections (Hill and Eggleton, 1994; LeBlanc et al., 1994) . Peters et al. (2001) measured reflection spectra in a compact tension (CT) specimen with an embedded FBG sensor and simulated the change in the spectrum shape resulting from the large strain gradients. Takeda and his colleagues (Okabe et al., 2000; Takeda et al., 2002) first utilized this feature to detect internal damage in CFRP laminates. Our previous study (Yashiro et al., 2005) also demonstrated that the reflection spectrum of an embedded FBG sensor is useful for identifying damage patterns within the gage section for notched CFRP laminates. Furthermore, Okabe et al. (2004) used a chirped FBG sensor, which has a gradual distribution of the grating period, to detect and locate transverse cracks in CFRP cross-ply laminates. Their experimental results demonstrated that chirped FBG sensors could provide further information on damage locations.
The purpose of this study is to monitor the damage process in holed CFRP laminates using an embedded chirped FBG sensor. For this purpose, we experimentally and numerically investigate the damage process and the changes in the spectrum shape due to the stress concentration and the damage. Two important issues from previous studies (Okabe et al., 2000 (Okabe et al., , 2004 Yashiro et al., 2005) are addressed. First, damage process near the hole is simulated using a detailed damage analysis. Second, damage patterns including their locations are clearly correlated with the reflection spectrum.
This paper is organized as follows. Section 2 describes a tensile test for a holed CFRP cross-ply laminate with an embedded chirped FBG sensor. Section 3 introduces a numerical analysis of the damage patterns near the hole and the resulting reflection spectrum. Section 4 presents the analytical results and clarifies the correspondence between the response from the chirped FBG sensor and the multiple types of damage. Finally, we present a simple estimation of the damage process near the hole based on the spectrum shape.
Experiment

Materials and experimental procedures
A CFRP cross-ply laminate (T800H/3631, Toray Industries, Inc.) was used in this study. The stacking configuration was [0 2 /90 2 ] S . Fig. 1 depicts the dimensions of the specimen. The specimen coupon was holed at the center. The hole diameter was 5 mm, while the specimen width was 25.6 mm. An optical fiber with a chirped FBG sensor (Hitachi Cable, Ltd.) was embedded in a 0°ply along the fiber direction at the interface between the 0°and 90°plies. The diameter of the optical fiber was 150 lm, and the gage length of the chirped FBG sensor was 30 mm. As illustrated in Fig. 2(a) , the chirped FBG sensor has a gradual distribution of the grating period. Its reflection spectrum is broader than that for a conventional FBG sensor with a uniform grating period, since the wavelength of the reflected light is proportional to the grating period. Furthermore, this variation in the grating period provides a one-to-one correspondence between the wavelength in the spectrum and the position in the gage section. This is the advantage of the chirped FBG sensors over the conventional FBG sensors. In this study, the end of the gage section with the largest grating period was embedded nearest to the hole edge. The distance between the hole edge and the end of the gage section was 1.2 mm.
Quasi-static tensile tests were conducted for the holed specimen with the embedded chirped-FBG sensor at room temperature. The specimen was loaded using a universal electromechanical testing system (INSTRON 5582, Instron Corp.) at a cross-head speed of 0.25 mm/min. The applied strain was measured by an extensometer with a gage length of 50 mm, and the tensile load was measured by a load cell. The optical fiber was illuminated with a broadband light source (AQ4130(155), Ando Electric Co., Ltd.). The spectrum of the light reflected from the gage section was measured using an optical spectrum analyzer (AQ6317, Ando Electric Co., Ltd.). The reflection spectra were measured at several applied strains while the load was held constant. The specimen was then unloaded to observe the damage using soft X-ray radiography. Fig. 3 illustrates the typical damage process as a function of applied strain for the holed specimen. Three types of damage are observed in the X-ray photos: splits (0°ply), transverse cracks (90°ply), and delamination (0°/90°interface). Short splits and transverse cracks first appeared at the hole edge at 0.58% strain ( Fig. 3(b) ). The splits extended along the fiber direction, and the number of transverse cracks increased with increasing applied strain. Delamination was then initiated and extended in a quarter-elliptical shape along the splits after 0.77% strain (Fig. 3(c) and (d)).
Experimental results
The solid lines in Fig. 4 illustrate the reflection spectra as a function of applied strain. A broad, flat peak was obtained before the test (Fig. 4(a) ). The whole spectrum shifted toward a longer wavelength, and the reflectivity for the larger wavelength decreased as the applied strain increased. Furthermore, the local drops in reflectivity appeared at shorter wavelengths as the number of transverse cracks increased (Fig. 4(b) and (c)). Finally, the spectrum shape drastically changed as the delamination extended ( Fig. 4(d) ).
Analysis
This section summarizes a numerical approach to analyze the reflection spectrum for the chirped FBG sensor embedded in the CFRP laminate. This approach consists of two simulations. One is a damage analysis based on the finite-element method for the holed laminate. The other is an optical analysis to calculate the reflection spectrum of the chirped FBG sensor using the strain distribution along its gage section.
Damage analysis
In order to evaluate the effects of stress concentration and damage on the strain distribution along the gage length of the embedded FBG sensor, the damage process observed in the holed specimen was simulated using a layer-wise finite-element model with cohesive elements (Yashiro et al., 2005) . Fig. 5 illustrates the finiteelement mesh. The dimensions were 40 mm in the longitudinal (x) direction and 12.8 mm in the transverse (y) direction, with a hole radius of 2.5 mm. The model was separated into two layers of 0°and 90°plies to express the stacking configuration of the specimen. Both layers were 0.25 mm thick, and four-node Mindlin plate elements were applied to these layers to address an out-of-plane deformation. An optical fiber was built into the 0°layer with two-node truss elements positioned along the x-direction 1.2 mm from the edge of the hole.
This damage analysis deals with splits, transverse cracks and delamination. As depicted in Fig. 5 (c) and (d), cohesive elements were assigned to the boundaries between two Mindlin plate elements. Splits located at the hole edge along the x-direction were expressed by four-node cohesive elements in the 0°layer. Cohesive elements for transverse cracks were equally spaced in the 90°layer in the x-direction. Finally, eight-node cohesive elements for delamination were inserted into all 0°/90°interfaces.
These cohesive elements act as nonlinear springs linking the Mindlin plate elements and generate traction resisting the relative displacement between them. The relation between the traction and the relative displacement is expressed in terms of a residual strength parameter s (Geubelle and Baylor, 1998) . T and D are the traction and relative displacement at a given point in a cohesive element. Subscripts n, t and b indicate the deformation modes of normal tensile cracking (mode I), in-plane shear cracking (mode II), and out-of-plane shear cracking (mode III). s imax (i = n, t, b) is the maximum stress in each cracking mode. The critical relative displacements D nc , D tc , and D bc are defined by the following expression:
where G Ic , G IIc and G IIIc are the critical energy release rates for each cracking mode, and s ini (=0.999) is the initial value of the residual strength parameter. The residual strength parameter is defined as a function of the normalized relative displacement vector e
The values of the parameter s decrease as the relative displacements between two adjacent plate elements become larger, and a cohesive element generates a crack surface that yields no traction if s = 0. We simulated the damage extension by applying uniform tensile displacements to the end of the model (x = 40 mm). Thermal residual stresses for the temperature change (DT = À165 K) were also considered. We applied the direct-iteration method (Owen and Hinton, 1980) to converge the solution of the nonlinear equation in the finite-element analysis. Material properties used in this analysis are listed in Table 1 . This damage analysis was performed by a locally developed program in order to allow direct linkage to the optical analysis for the chirped FBG sensor. The validity of the simulation procedure was confirmed in another study (Yoshimura et al., 2006 ) which compared the simulated crack extension with the fracture mechanics.
Optical analysis
An FBG sensor has periodic changes in the refractive index of the core in the optical fiber. The wavelength of the reflected light or the reflection spectrum is influenced by the distribution of the grating period K and the effective refractive index of the core n eff . These sensor parameters depend on the longitudinal strain e f (x), while x denotes the longitudinal direction of the optical fiber (Van Steenkiste and Springer, 1997).
K ini is the initial grating period of a segment, n 0 is the initial refractive index of the core, m f is the Poisson's ratio of the glass, and p 11 and p 12 denote Pockel constants where indices 1 and 2 indicate the longitudinal and transverse directions of the optical fiber. The transfer matrix method (Huang et al., 1995) can numerically simulate a reflection spectrum that contains the effect of the damage in the holed specimen, by substituting the strain distribution of the optical fiber obtained in the above damage analysis into Eqs. (4) and (5) and using these sensor profiles. Table 2 lists the optical properties of the chirped FBG sensor used in this study. The FBG sensor was aligned at 0 6 x 6 30, y = 3.7 in the model (Fig. 5 ) and initially had a grating period as expressed in the following equation.
K 0 is the grating period at the center of the gage section, and DK is the total chirp. 4. Analytical results and discussion
Damage process near the hole
The simulated damage process as a function of applied strain is depicted in Fig. 3 . Each dot corresponds to the damaged position at which the residual strength parameter s becomes zero in the cohesive element. The features of the simulated damage process are as follows:
(1) Short splits and transverse cracks appeared at the hole edge as the initial damage.
(2) As the applied strain increased, the splits extended along the fiber direction, the number of transverse cracks increased, and the 0°/90°interfaces were delaminated near the hole edge. (3) The damaged region spread with increased loading. In particular, the delamination propagated along the splits in a quarter-elliptical shape.
The simulated damage process agreed well with the observed ones. This confirms the validity of the damage analysis performed in this study. Our previous study (Yashiro et al., 2005 ) also verified a similar damage extension in CFRP laminates with notches.
Reflection spectrum of the chirped FBG sensor
The dashed lines in Fig. 4 illustrate the simulated reflection spectra of the chirped FBG sensor as a function of applied strain. The features of the simulated reflection spectra are as follows:
(1) The whole spectrum became broader and the reflectivity at longer wavelengths decreased as the applied strain increased (Fig. 4(b) ). (2) The local drops in reflectivity appeared and increased with increasing numbers of transverse cracks (Fig. 4(b) and (c)). (3) The reduced reflectivity at the longer wavelengths recovered with the onset of delamination (Fig. 4(c) ). In contrast, the reflectivity at the wavelengths neighboring the recovered region decreased. The recovered region then became broader as the delamination grew (Fig. 4(d) ).
These changes in the spectrum shape agreed approximately with the experimental ones. However, the recovery of reflectivity obtained in the experiment was much smaller than that in the simulation after the extension of the delamination (Fig. 4(d) ). This discrepancy suggests that other kinds of damage, e.g., debonding between the optical fiber and the matrix resin, might occur in the delaminated area.
Furthermore, this study separately investigates the effect of each damage pattern on the change in the spectrum shape. For this purpose, we treat the following four cases at 0.8% strain: (a) without damage, (b) with splits only (15 mm in length), (c) with transverse cracks within x 6 15 mm (16 cracks at an interval of 1 mm), and (d) with one-quarter elliptical delamination (15 mm · 2 mm). Simulated results of distribution in the grating period and the reflection spectra for these cases are depicted in Figs. 6 and 7. The reflection spectrum of the chirped FBG sensor has a flat peak if the grating period distribution varies in a constant slope. However, even if there is no damage, the slope of the grating period near the hole becomes steeper than that far from the hole due to the stress concentration (Fig. 6) . Accordingly, the spectrum exhibits lower reflectivity at longer wavelengths, which correspond to the positions near the hole (Fig. 7(a) ). The grating period distribution for the splits is almost identical to that without damage. Therefore, the resulting spectrum shape is the same as that without damage (Fig. 7(b) ). In contrast, we see in Fig. 6 that the grating period distribution exhibits a serrated behavior due to the transverse cracks. In this case, the reflectivity drops locally at wavelengths corresponding to the positions with steep changes in the grating period (Fig. 7(c) ). Finally, the delamination causes an almost constant longitudinal strain, and the slope of the grating period thus becomes uniform. This grating period distribution yields a spectrum shape exhibiting a flat peak at longer wavelengths ( Fig. 7(d) ). The above numerical investigations confirmed that the spectrum shape changes depending on the stress concentration and the damage pattern, as well as their locations. Most notably, we found that transverse cracks and delamination caused the characteristic changes in the spectrum shape. This fact enables us to identify the damage patterns and their locations simply from the spectrum shape. Fig. 8 compares the observed damage pattern with the measured reflection spectrum under completely unloaded conditions after 0.77% applied strain. The spectrum width of 6.3 nm under the damage-and strain-free conditions is scaled to the gage length of 30 mm in this figure. Since the specimen is unloaded, only the effects of the damage appear in the spectrum shape (no effect of the stress concentration). We can see that the wavelength of 1550.5 nm corresponding to the local drop in reflectivity agrees well with the position of the transverse crack farthest from the hole, and the high-reflectivity region at the longer wavelengths (1551-1552 nm) corresponds to the position of the delamination.
Conclusions
This study proposed a new approach to monitoring damage process in holed CFRP laminates using an embedded chirped fiber Bragg grating (FBG) sensor. To this end, we experimentally and numerically investigated the damage process and the changes in the spectrum shape due to the damage. The conclusions are summarized below:
(1) We experimentally confirmed that multiple types of damage (e.g., splits, transverse cracks and delamination) appeared near a hole, and the spectrum shape in the embedded chirped FBG sensor changed as the damage extended. (2) Our proposed simulation for the damage agreed well with the observation. The calculated reflection spectrum based on the damage simulation coincided approximately with that measured in the experiment. (3) We separately investigated the effect of each type of damage on the changes in the spectrum shape by numerical analysis. This numerical study revealed that the spectrum shape strongly correlated with the type of damage; transverse cracks caused local drops of the reflectivity, and the delamination located near the hole yielded a flat peak at longer wavelengths. Based on this knowledge, we presented simple damage identification with an embedded chirped FBG under completely unloaded conditions.
